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ABSTRACT 

The recently discovered high-energy transient Sw J1644+57 is thought to arise from the tidal dis- 
ruption of a passing star by a dormant massive black hole. The long-term, bright radio emission of 
Sw J1644+57 is believed to result from the synchrotron emission of the blast wave produced by an 
outflow expanding into the surrounding medium. Using the detailed multi-epoch radio spectral data, 
we are able to determine the total number of radiating electrons in the outflow at different times, and 
further the evolution of the cross section of the outflow with time. We find that the outflow gradually 
transits from a conical jet to a cylindrical one at later times. The transition may be due to collimation 
of the outflow by the pressure of the shocked jet cocoon that forms while the outflow is propagating 
in the ambient medium. Since cylindrical jets usually exist in AGNs and extragalactic jets, this may 
provide independent evidence that Sw J1644+57 signals the onset of an AGN. 
Subject headings: galaxies: nuclei — gamma-rays: bursts 



1. INTRODUCTION 

The high-energy transient Swift J164449.3+573451 
(hereafter Sw J1644+57) was detected by Swift Burst 
Alert Telescope (BAT) on March 28, 2011 (Burrows et 
al. 2011). It was considered as a gamma-ray burst 
(GRB) in the beginning. However, Sw J1644+57 has 
later shown many different characters from GRBs and 
from active galactic nuclei (AGNs) as well. It has a life- 
time much longer than GRBs and is much more lumi- 
nous than AGNs. Further observations show that the 
position of this event is coincident with the nucleus of a 
galaxy at redshift z ~ 0.3534 (Levan et al. 2011; Bloom 
et al. 2011). Its long-term X-ray luminosity varies as 
Lx oc £ -5 / 3 , consistent with the expected fallback rate 
of the tidally disrupted material (Rees 1998). Thus this 
event was later considered as a star being tidally dis- 
rupted by a ~ 10 6 M© supermassive black hole (SMBH) 
in the center of the galaxy. Since the 7-ray and X-ray 
luminosity of this event is 2-3 orders of magnitude larger 
than the Eddington luminosity of a - 10 6 A/ Q SMBH, the 
emission is likely to be produced by a collimated outflow. 
It is worth noting that Sw J1644+57 has a bright long 
term radio synchrotron emission (Zauderer et al. 2011), 
which provide a unique chance for us to study how the 
physical parameters of the outflow evolve as it interacts 
with the ambient medium. 

Metzger et al. (2012) modeled the radio-microwave 
emission during 5-23 days after the trigger with the blast 
wave emission, in analogy to GRB afterglows (see e.g. 
Giannios & Metzger 2011). They find that a narrow 
jet of an opening angle of 8j < l/7j expanding into a 
medium with a density profile n oc R- 2 could fit the ra- 
dio data. Berger et al. (2012) reconsidered this model 
based on much longer radio data during 5-216 days. They 
noticed that the energy injection model used in Metzger 
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et al.(2011) is no longer suitable after 23 days. Instead 
they made an assumption that the energy distribution in 
the ejecta is described by E(> T) oc r -2 - 5 (where T is 
the bulk Lorentz factor of the ejecta), so that substan- 
tial energy is added into the blast wave at later times. 
The radial density profile after 23 days is inferred to be 
n oc R~ 1,a with a plateau at r « 0.4 — 0.6pc. Both 
works made a pre-assumption that the jet has a coni- 
cal structure with a constant opening angle 0j < 
However the jet structure of this transient has not been 
resolved yet. The cross sections of extragalactic AGN 
radio jets do not increase at large radii and cylindrical 
jet structure (or blob) has been usually assumed (Bridle 
&: Perley 1984). Since Sw J1644+57 involves a jet from 
a SMBH similar to an AGN, it is necessary to consider 
the possibility of a cylindrical jefl In this paper we first 
present an approach to calculate the parameters of the 
jet blast wave at any instantaneous time directly by using 
the radiation spectrum at that time (§2). This approach 
applies to both conical and cylindrical jets. Then, using 
these parameters, we calculate the jet cross section of Sw 
J1644+57 at different times and study how it evolves as 
the jet propagates outward (§3). We find that the out- 
flow gradually transits from a conical jet to a cylindrical 
one at later times. The possible mechanism for the col- 
limation is further discussed (§3.2). Finally, we give our 
conclusions (§4). 

2. MODELING THE RADIO EMISSION 

In our model, the radio afterglow of Sw J1644+57 is 
produced by electrons accelerated by the forward shock 
that forms as the jet interacts with the ambient medium. 
The radiation can be simply described by a cloud of rel- 
ativistic electrons radiating synchrotron emission in the 
magnetic fields, so it is completely determined by the 
following parameters: the total number of radiating elec- 
trons N e , the bulk motion Lorentz factor T, the magnetic 
field B, the thermal Lorentz factor of electrons 7 e and 

3 The possibility of cylindrical jets has also been discussed for 
GRBs (Cheng et al. 2001; Wang et al. 2005). 
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power-law distribution index p. We made the same as- 
sumption that 8j < l/7j m the conical jet case, so the 
parameter 9j is not involved. The bulk Lorentz factor 
relates with the jet energy Ej through 



r = 



m p N e c 2 



(1) 



Assuming that the magnetic field energy density is a fac- 
tor sb of the shock internal energy, the magnetic field 
related with the number density of the ambient medium 
n through 

B = rc(327rnm p £ B )3. (2) 

The minimum energy of the accelerated power-law elec- 
trons is given by 



m p (p-2) 
m e (p - 1) 



(3) 



where e e is the equipartition factors of electron energy 
density. 

The radio synchrotron emission produced by the 
power-law electrons can be described by three charac- 
teristic quantities, i.e. the typical frequency v m , the self- 
absorption frequency v a and the peak flux F Vm (Sari et 
al. 1998). The two break frequencies are, respectively, 
given by 

IV eB 

(4) 



and 



27T77J P C 



(5) 



where C « 10.4^±^ ( Wu et a \_ 2 005). The emission 
radius R is given by 



R = 



2T 2 ct 



(6) 



where t is the observer time. 

In a relativistic cylindrical jet, the radiation emitted 
by electrons is distributed over a solid angle of 2n/T 2 . 
The peak flux can be obtained by calculating the total 
emission of radiating electrons -/V e P„ :max , where P^max 
is the peak spectral power (Sari et al. 1998), so the 
observed peak flux density is 



F Vtn = 



<(! + *) 



2nDl/T 2 



(7) 



On the other hand, for a conical jet with 8j < the 
observed peak flux density can be written as: 



N P 

1 * e.iso-L v, max 



(i + z) r% 2 



(8) 



where N e iso is the equivalent isotropic electron number, 
which relates with the real number of electrons N e by 



N ~ N ■ -i- 



(9) 



Substituting N e s so in equation (9) into equation (8), we 
find that the expressions for the peak flux are the same 



for both cylindrical and conical jet models. Thus equa- 
tions (4)- (7) apply to both cylindrical and conical jets. 

Equations (4), (5) and (7) can be rewritten as explicit 
expressions of five independent parameters Eb, £ e , N e , 
n, and Ej, i.e. 



F Vm =C F eln*E?N- 1 , 
iy a = C a e- 1 elniEjN~\ 



C m eielniEjN- 



(10) 

(11) 
(12) 



where C'f, C a , C m are three constant coefficients. After 
setting typical values for sb and e e (for instance, Sb — 
0.1 and e e — 0.1; Panaitescu & Kumar 2000), we can 
solve the other three quantities A^ e , n, Ej, using the radio 
spectral data at different times. 

Once we know the evolution of A^ e , n, Ej with the 
observer time t, we can obtain T(t), R(t), and n(R) with 
the assistance of equations (1) and (6). 



3. PARAMETER EVOLUTION OF SW J1644+57 

Now we confront the above model with the observa- 
tional data of Sw J1644+57. We adopt the observational 
radio data of Sw J1644+57 from Berger et al. (2012). 
Fig. 1 shows our fit of the radio spectral data with 
the synchrotron broken power-law. We find that the fa- 
vorable value for the power-law index is p ~ 2.4. The 
self-absorption frequency v a is always below the typical 
frequency v m during the observation period. Table 1 
summarizes the characteristic quantities of the broken 
power-law spectra at different times for Sw J1644+57. 
With these data, we can get the characteristic parame- 
ters, such as r, n and R, at different times without as- 
suming the blast wave dynamics beforehand, i.e. we do 
not need to assume the ambient density profile or energy 
injection mode. 

Because the spectral data during 36-68 days are in- 
complete, we could only get the spectral quantities v a 
and Fy a . With these quantities the jet energy Ej can be 
obtained precisely, while we can only get upper limits for 
the ambient density n and the total number of radiating 
electrons N e . However, as will be mentioned below, the 
Lorentz factor of the ejecta may be constant during 23- 
216 days. If we take the assumption that the Lorentz 
factor during 36-68 days is a constant, e.g. r ~ 3, the 
values of n and N e can be obtained. We show the evolu- 
tion of the parameter Ej(t), n(R), R(t) and T(t) in figure 
2. 

3.1. Evolution of the jet energy and the density profile 
of the ambient medium 

The jet energy of Sw J 1644+ 5 7 evolves as Ej oc t os 
during 5-23 days (Fig. 2(a)), Ej oc t 1 at later times, 
and after 126 days Ej oc t 6 again. This indicates that 
Sw J1644+57 has a continuous energy injection lasting 
much longer than previous thought. The Swift XRT data 
of Sw J1644+57 obey the power-law decay L x ~ i~ 5 / 3 . 
Such a slow energy injection is insufficient to account for 
the required energy increase, so an extra or new energy 
supply mechanism should be needed. In figure 2(b) we 
can see that the ambient density profile varies as n oc 
R~( 13 ~ 15 \ which is consistent with the prediction by 
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the Bondi accretion as suggested by Berger et al. (2012). 
The radius of the jet displayed in figure 2(c) evolves as 
R oc i 1 ' 1 during 23-216 days and R oc i 0,7 during 5-23 
days. Since R oc T 2 t, this relation indicates that the 
Lorentz factor of the ejecta varies as 1 a i~ - 15 during 
5-23 days and remains almost constant (r oc t 05 ) during 
23-216 days. This behavior is clearly seen in figure 2(d). 
This is the reason why we assume T ~ 3 during 36-68 
days in the calculation. 



3.2. Jet cross section evolution 

The above equations apply to both conical and cylin- 
drical jets. However, the structure could be known if we 
know how the cross section of the jet evolves as the ra- 
dius R increases. The size of the cross section can be 
derived from the evolution of N e , n and R. Since the to- 
tal number of swept-up electrons by the jet relates with 
the cross section radius through 



find the condition under which the jet will be collimatcd: 



N e (R) = / nr 2 (R)n(R)dR, 



(13) 



we can derive the cross section radius by 



rj(R) = 



I 1 dN e 
irn(R) dR 



(14) 



To obtain -jhS we first find an empirical function to fit 
the relation between N e and R, and then calculate the 
differential coefficient. The result is shown in figure 3. 
We find that when R is smaller than a few 10 18 cm, the 
jet cross section evolved as a conical jet with rj oc R, 
which is consistent with the result obtained by Metzger 
et al. (2012). However at larger radii (R>4x 10 18 cm), 
rj increase slowly and it tends to become a constant (i.e. 
rj ~ constant) , which indicates that the jet may transit 
to a cylindrical structure. 

The transition may be due to the collimation of the 
jet by the surrounding cocoon which forms while the jet 
is propagating in the ambient medium (Bromberg et al. 
2011). Such a mechanism has been discussed in long- 
lived AGN jets (Begelman & Cioffi 1989) , as well as in 
microquasar jets and GRB jets (Bromberg et al. 2011). 
In this mechanism, matter in the jet head is heated and 
flows sideways due to its higher pressure than the ambi- 
ent medium, which leads to the formation of a pressured 
cocoon around the jet. If the cocoon pressure is suffi- 
ciently high, it collimates the jet and reduces its opening 
angle. Thus a jet can be conical initially and transit to 
a cylindrical jet at later times. Bromberg et al. (2011) 



T,jp a c 



.3 £ d 



4/3 



(15) 



where L is a dimcnsionless parameter that defines the 
ratio between the energy density of the jet and the rest- 
mass energy density of the surrounding medium at the 
location of the head, Lj is the jet luminosity, Ej is the 
jet cross section, p a is the ambient medium density, and 
6q is the initial opening angle of jet. This condition gives 
a critic transition radius at 



Rc> 



Li 



above which the jet beccVrh'eS'^fllimated and transits to 
a cylindrical jet. 

For the case of Sw J1644+57, we can obtain the critic 
transition radius by taking Lj = dEj/dt, p a = nm p and 
assuming a typical initial opening angle of 9o — 10° ■ Fig- 
ure 4 shows the critic radius R c as a function of time (the 
dotted line) . It clearly shows the critic radius approaches 
the jet radius at late times, which means that jet tends 
to be collimated at later times. The transition radius is 
~ 5 — 8 x 10 18 cm, which roughly (within a factor of a few) 
agrees with the above result obtained by modeling of the 
radio spectral data (Fig. 3). The fact that the jet in a 
tidal disruption event transits from conical to cylindrical 
structure in a way similar to long-lived AGN jets provides 
independent support that Sw J1644+57 may result from 
the onset of an AGN. 

4. CONCLUSIONS 

The structure of the jets in tidal disrupted flares such 
as Sw J1644+57, whether it is conical as usually assumed 
in GRB jets or cylindrical as seen in some extragalactic 
radio jets, is largely unknown. We propose that the long- 
term radio data can be used to probe the jet structure. 
By fitting the observed radio data of Sw J1644+57, we 
find that the jet structure of Sw J1644+57 undergos a 
transition from a conical jet to a cylindrical one at tens 
of days after the initial flare. It is natural to expect that 
the jets are initially conical and later become cylindrical 
due to collimation by the surrounding cocoon. Observa- 
tions of extragalactic radio AGN jets show that the jets 
are indeed cylindrical on large scales. The similar pro- 
cesses occurring in AGNs and Sw J1644+57 may possibly 
indicate that Sw J1644+57 also arise from accretion pro- 
cess in a supermassive black hole, likely feeded by the 
tidally captured stellar material. 
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TABLE 1 

The radio spectrum fit of Sw J1644+57. Data during 5-23 days are taken from Metzger et al.(2012). The rest are obtained 

FROM THE DATA OF BeRGER ET AL. (2012) BY USING THE BROKEN POWER-LAW SPECTRAL FIT. 
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Fig. 1. — The best fit of the radio data of Sw J1644+57 using the synchrotron broken power-law spectra. Observation data are taken 
from Bcrgcr et al. (2012) 
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Fig. 2. — Time-evolution of the parameters Ej, n, R and T, corresponding to panels (a)-(d). The cquipartition factors of electron energy 
density and magnetic density are e e = 0.1 and eg = 0.1 respectively. The power-law index is p = 2.4. Due to the incompleteness of 
radio data during 36-68 days, we plot the parameters obtained during this period with different symbols. The star symbol represents data 
calculated by using v a and F v& only. The diamond symbol represents the values of the number density n derived by using the assumption 
T = 3.16. 
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Fig. 3. — Evolution of jet cross section radius rj. The dotted line exhibits the expect evolution of Tj for the conical jet model. The solid 
line shows the evolution of r, derived from the radio data. 
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Fig. 4. — The dotted line denotes the critic radius of jet collimation for the parameters of Sw J1644+57, obtained with the condition 
found by Bromberg et al (2011). The solid line shows the evolution of the jet radius R inferred from the observed radio data. 



